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Introduction 30
Wastewater treatment plant (WWTP) influent contains phosphorus (P), nitrogen (N), 31 calcium (Ca), magnesium (Mg), potassium (K) and other valuable resources. Recovery 32 of these, particularly P has been widely studied due to rising P-fertilizer prices, limited 33 precipitates make it difficult to recover P as a concentrate from digester supernatant. 48
There is therefore motivation to increase in-reactor phosphorous solubilization for both 49 operational and economic reasons. 50 51 Reduced P-precipitation during anaerobic digestion can be achieved using chemical 52 additives or by changing operational conditions such as pH and temperature. Chemical 53 additives such as ethylenediaminetetraacetic acid (EDTA) can reduce P precipitants 54 from anaerobically digested effluent (Zhang et al., 2010) . EDTA is a chelating agent 55 with much higher affinity for di-and tri-valent metal ions (Ca 2+ and Mg 2+ ). Anaerobic 56 digestion with added EDTA can reduce calcium and magnesium binding with 57 M A N U S C R I P T
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4 orthophosphate and thereby, reduces formation of precipitants such as struvite and 58 apatite. Commercial application of EDTA or other binding agents could be challenging 59 due to high cost of chemicals (EDTA is US $0.95 kg -1 ) and low phosphorus release 60 (<10 mgP g -1 of EDTA added) (Zhang et al., 2010) . Solubility of struvite increases with 61 temperature until approximately 30 °C, and then decreases with further increases in 62 temperature (Bhuiyan et al., 2007) , while hydroxyapatite (Ca 5 (PO 4 ) 3 OH) solubility 63 increases slightly with temperature (Prakash et al., 2006) . Soluble P concentrations in 64 the digested effluent were found to be similar at both mesophilic and thermophilic 65 temperatures during pilot scale operation, suggesting minimal influence of temperature 66 (Bolzonella et al., 2012) . 67 68 Acidic conditions (pH <6) during anaerobic digestion can promote P solubilization. 69 This is due to lower solubility of different P-precipitants under acidic conditions, with 70 complete solubilization of P-precipitants below pH 4 (Mehta and Batstone, 2013 soluble P concentration at pH 5 and pH 6 respectively compared to pH between 7-10 73 (25 mg-P soluble L -1 ) after 9 days of batch fermentation of primary sludge. While decrease 74 in methane production was reported because of the accumulation of volatile fatty acids 75 (VFA) and soluble COD (SCOD) up to 2.35 gCOD L -1 and 3.9 g L -1 respectively during 76 acidic AD. Bi et al. (2012) have reported 1.26 times higher P release (213 mg-P soluble 77 L -1 ) at pH 5 compared to pH 10 (168 mg-P soluble L -1 ). They also observed 50% reduction 78 in methane production and high VFA concentration (600 mg L -1 ) at pH 5 compared to 79 neutral pH. Acclimatization and pH tolerance have been previously observed (Kim et 80 al., 2004) , which may allow digesters to operate effectively despite a low pH. However, 81 M A N U S C R I P T Where B is the methane production in mLCH 4 gVS fed -1 , B 0 is the biochemical methane 162 potential in mLCH 4 gVS fed -1 at 25 °C, and 1 bar, k hyd is the first-order degradation rate 163
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coefficient (d -1 ) and t is the batch time (days). The lsqcurvefit() function in 164
MATLAB was used to estimate parameter values in Eq. 1, together with parameter 165 errors calculated from linear estimate of errors based on a two-tailed t-test (95% 166 confidence interval). Only data following the first pH adjustment was used for 167 parameter estimation. 168 169
Physico-chemical analysis 170 Total solids (TS) and volatile solids (VS) were measured according to Standard 171
Methods (Clesceri et al., 1998) . COD was measured by using Merck vials (range: 25-172 1500 mg L -1 and 500-10000 mg L -1 ). Diluted sample was added into vials and placed in 173 a Spectroquant TR 620 COD digester at 148 °C for 2 hours. The COD was then 174 measured using Merck Spectrophotometer, Germany (model SQ 118). The TS, VS and 175 COD measurements were performed in triplicates. Lachat Instruments USA, Quick 176 M A N U S C R I P T
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12 not rate of methane production contradicting the standard assumption in biochemical 249 process modelling, that pH will decrease rate, but not the amount of material able to be 250 degraded (Batstone et al., 2002) . This was largely due to the accumulation and 251 decreased degradation of particulate organic matter (POM) at low pH (pH <5.7). 252
Identification of POM as un-degraded fraction was based on mass balancing, with only 253 a small fraction (Fig. 2 ) being due to increased soluble COD or VFA. Reduced methane 254 potential has been previously reported at depressed pH conditions (Lay et al., 1997) , 255
and Gomec Speece (2003) particularly noted that the effect of reduced pH on WAS was 256 reduced hydrolysis, while reduced pH on primary sludge caused an accumulation of 257 organic acids and solubles. A decrease in observed methane potential at low pH has 258 been previously reported (50% loss at pH 5.25) (Chen et al., 2007) . 259 260 No significant relation between hydrolysis coefficient and pH at a 5% significance 261 threshold was observed. Effect of pH on hydrolysis has been widely reported in 262 literature for various waste streams containing both primary and activated sludge, 263 between 0.1-1 d -1 (Feng et al., 2009 , Miron et al., 2000 . This study also differs from the 264 findings of Arntz et al. (1985) who suggested that pH 6.5 can be suitable for optimal 265 hydrolysis while using beet pulp as substrate in AD. This increase in hydrolysis 266 supports multi-stage anaerobic digestion, with earlier stages focusing on low pH 267 operation (with possibly recovery of phosphorous). 268 269 VFA and SCOD concentrations remained constant for the pH range 6.2-7.6 but were 270 increased at pH below 6.2 as shown in Fig. 2 . The highest SCOD concentration (1320 271 mg L -1 ) was observed at pH 5.62 while lowest SCOD concentration (576 mg L -1 ) was at 272 M A N U S C R I P T
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13 pH 7 (p=0.006). As shown in Fig. 2 , the majority of the SCOD was VFA, with the 273 majority of this being acetate. This supports that inhibition at low pH results in residual 274 concentrations rather than a decrease in conversion rate. The increase in SCOD 275 resulting from hydrolysis and fermentation was fastest during start up after which 276 residual VFAs were reduced. 277 278 Acetic acid was found at all test conditions whereas propionic and butyric acids were 279 exclusively found at depressed pH conditions (pH <6.2). The total VFA concentration 280 was 273 mg L -1 at pH 5.25 and 312 mg L -1 at pH 5.62 (p=0.001). Although VFAs were 281 accumulated at depressed pH conditions, the anaerobic process and methane production 282 was stable which means the fatty acids might be continuously converted into acetate 283 albeit with residual concentrations (Zoetemeyer et al., 1982) . 284 285
Community profiling 286
All samples were dominated by Methanosaeta (see supplementary material C), with 287 40%-80% of total sequences in affiliated operational taxonomic units (OTUs) which 288 states that decrease in methane potential was mainly due to the decreased hydrolytic 289 capacity, thus, indicating that principal methanogen (Methanosaeta) was not affected. 290
However, this was not influenced by pH (p=0.77), and because it obscured other results, 291
the Methanosaeta OTUs were removed, and the OTU table was re-normalized and 292
analyzed. Based on principal component analysis (PCA -excluding Methanosaeta) of 293 samples at pH 5. 25, 6.15 and 6.86 (batch 1) and 5.76, 5.96, 7.05, 7.17 (batch 2) along 294 with inoculum found that first two PCs represented the majority (64%) of variance (Fig. 295 3). Batch number did not affect PC 1 (p=0.4) or PC 2 (p=0.11) but did have an impact 296 M A N U S C R I P T
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14 on PC3 (p=0.02). Overall, pH was the primary driver of community, with an influence 297 mainly on PC1 (p=0.03), but not PC2 (0.06) or PC3. When inoculum was also 298 considered, the evidence of impact was even higher (p=0.004). Therefore, both batches 299 were affected by pH, with consistency also from inoculum. The shift in microbial 300 community was mainly due to a shift from Clostridium sp., Levilinea sp. and 301 Nocardioides sp. at low pH (pH 5.25 and 5.76), Methanoculleus sp. was at moderate pH 302 6.15, and Methanobrevibacter sp., Candidatus Cloacamonas acidaminovorans str., 303
Methanospirillum sp. and Methanoculleus sp. at high pH 7.2 (inoculum). Inoculum 304 appeared to cluster with other high-pH samples with inoculum lying to the far right of 305 the pH correlated PC1. Bacillus Aquimaris was the next dominant OTU, and was 306 generally suppressed as pH decreased below 7. Therefore, overall pH decrease caused a 307 loss in diversity in the primary hydrolytic community with a shift towards Clostridium 308 from multiple bacterial hydrolytic candidates and a shift within the hydrogen utilizing 309 community towards Methanoculleus from Methanobrevibacter and Methanospirillum. 310
The chemical and BMP analysis identifies a reduction in hydrolytic extent as the main 311 cause of reduced potential (section 3.1). The microbial results support this, with the 312 main impact of low pH operation being related to bacterial (hydrolytic) shift rather than 313 changes in methanogenic archaea. 314 315
Effect of pH on soluble phosphorus and cations 316
Analyzing all sacrificed bottles, and end points, a strong correlation (p<0.01) was found 317 between pH and soluble P (Fig. 4a) . Data from both batch tests is integrated to one plot, 318 with further data provided in supplementary material. At initial conditions (pH 6.8), the 319 total P concentration in each BMP bottle was the same, 1060 ± 90 mg L -1 and soluble P 320 M A N U S C R I P T
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concentration was 215 mg L -1 . During the BMP test, highest soluble phosphorus (799 321 mg L -1 ) was observed at pH 5.25 (75% of the total P), while at neutral pH it was around 322 200 mg L -1 . Consequently 57% increase in soluble P was observed at pH 5.25 compared 323 to neutral conditions (pH 7.0 or above) where the soluble P concentrations remained 324 close to initial conditions. This substantially expands the range of analysis previously 325 observed (Mehta and Batstone, 2013) and indicates that almost all P can be released to 326 the soluble phase, if a suitably low pH is selected. Current findings are higher than 327 previous study by Bi et al. (2012) who observed 25% increase in P release at pH 5 (P 328 168 mg-P soluble L -1 ) compared to pH 10 (213 mg-P soluble L -1 ) in a 20d batch AD of WAS 329 where they started AD directly from pH 5 and 10. 330
331
The increased solubility of P can be related to the dissolution of Ca-P and Mg-P 332 compounds under acidic conditions (Fig. 4b) . For the batch test, total calcium and 333 magnesium concentrations were 560 and 273 mg L -1 respectively. The soluble calcium 334 concentrations at pH 5.6 and 7.7 were 244.6 and 30 mg L -1 respectively. Similarly, the 335 soluble magnesium concentrations at pH 5.6 and 7.7 were 262 and 7 mg L -1 respectively 336 thus eliminating the possibility of struvite formation as almost whole magnesium was 337 released at this stage. However, there could be a chance of the formation of calcium 338 phosphates, as 53% of calcium was not released even at low pH (pH 5.6). Therefore, a 339 post treatment could be required to completely release calcium for increasing soluble P 340 contents in effluent. These results are comparable with the findings of (Jardin and 341 Popel, 1994 ) who also found a linear relationship of calcium release with P but differ 342 from the results of magnesium release with P release. 343 344 M A N U S C R I P T
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Implications of the findings 345
Struvite precipitation in anaerobic digesters causes increased maintenance costs and 346 phosphorous in biosolids is agriculturally less valuable (or has very limited value) 347 compared to mineral precipitates. This work has shown that low pH operation can 348 alleviate in-reactor precipitation to further enable downstream recovery. The reduction 349 in methane potential at low pH can be addressed through multistage AD process. In a 350 multistage process, struvite crystallization can be performed in the low-pH intermediate 351 stage followed by mesophilic AD to achieve required methane potential. Chemical costs 352 are potentially a problem for low pH AD. However, HCl can be replaced by CO 2 to 353 enable low pH operation, with potentially CO 2 recovered from biogas combustion. 354
Addition of CO 2 can reduce the reactor pH but implementation needs to be addressed in 355 a viable continuous process. 356 357
Conclusions 358
Phosphorous release was increased up to 3.6 times under acidic conditions with a 33% 359 reduction in methane yield compared to neutral conditions. Reduction in methane 360 potential at low pH was mainly due to reduced hydrolysis of particulate organic matters, 361 rather than an increase in soluble organics. Methanosaeta dominated in general, and was 362 not influenced by pH, but pH caused a shift and narrowing in bacterial diversity towards 363
Clostridium and within the hydrogen utilizing methanogens towards Methanoculleus. 364
Low pH is a suitable option for enhanced phosphorous release, but work is needed to 365 realize a chemical free option. 366 367 Acknowledgements 368 M A N U S C R I P T 
A C C E P T E D ACCEPTED MANUSCRIPT
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPTM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPTM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Highlights
• Preventing phosphorous binding by low pH AD can enable resource recovery.
• A decrease in CH 4 yield at low pH caused decrease in particulates solubilization.
• No change in kinetics at low pH.
• Bacterial community influenced by pH but not acetoclastic methanogens.
• Multi-stage AD with an intermediary struvite recovery could avoid methane loss. M A N U S C R I P T
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